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Abstract - In wueles  Locnl Area Network (WLAN), signal 
coverage is obtained by proper placement of access points (At’s). 
The impact of incorrect placement of A P s  is significant. If they 
are placed too far apt* they will generate a coverngc gap but if 
they nre too close to ercb otber, this will lead to excessive ED. 
channel interferences. In tu paper, we describe a matbemarical 
.model we have developed to find the optimal number and 
Location of APs. To solve the problem, we use an optimization 
algorithm developed at the University of Ballarat called Discrete 
Gradient algorithm. Results indicate that our model is able to 
solve optimal coverage problems for different numbers of users. 
Kqwordr - Wueless Local Area Network (WLW uccm 
point (AI’), design -ea, optimal placement, optimkmtion, users 
coverage 
I. Introduction 
Since the IEEE 802.11 WLAN was approved in the late 
1990s, growth in the deployment of WLAN has surpassed all 
projections. The sales of WLAN equipment in the first two 
years were estimated to be $1.1 billion. By this year the value 
of WLAN installation is expected to reach $34 billion [l]. 
’Ihe key issue in the deployment of W A N  infrastructure 
is to provide optimal coverage. WLAN coverage is 
determined by the number of Access Points ( U s )  and their 
location in the design area. 
O h  the only method used to provide coverage is “tnal- 
and error”. However, experience has shown that this method 
is not accurate and reliable especially for large buildings [2]. 
Consequently, the use of optimization techniques has begun 
to attract attention. In general, the results obtained from the 
optimization approach are more reliable and enable trade-offs 
between AP parameters to be evaluated more easily than tnal- 
and-error approaches. Several researchers [2-121 have used 
optimization techniques to obtain the optimal placement of 
APs. Most of the authors [2 - 91 use discrete mathematical 
models to find the position of APs. In this case, the design 
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area is divided into rectangles (grids). APs are only allowed 
to be placed in the centres of the rectangles. To obtain 
satisfactory results, the size of the grid must be sufficiently 
small. However, in this case, the dimension of the problem 
can be very high. For this reason, some authors [I21 prefer 
continuous mathematical models. Others [IO-1 11 have tried to 
solve their optimization problem using both methods. 
The model investigated in the current paper is also based 
on applying continuous optimization techniques with no 
restrictions on the position of APs.  
It should be noted that there are different approaches to 
solve the optimization problem in hand. In most of them there 
are two types of variables in the model: integer variables and 
continuous ones. Continuous variables describe the location 
of APs .whereas integer variables describe the membership 
degree ofreceivers to clusters. Since each receiver can belong 
only to one cluster, integer variables can attain d u e s  of 0 
and 1 only. As a result one gets a mixed integer nonlinear 
programming problem It is we11 known that these problems 
are difficult to soive in many situations. A nonsmooth 
optimization approach described in this paper allows one to 
exclude integer variables, to reduce significantly the number 
of variables in the optimization problem and to replace the 
mixed integer nonlinear programming problem with a 
continuous nonfinear programming problem. 
The paper is organised as follows. Section II shows the 
model notation. Section III presents the mathematical model. 
The solution to the optimization problem is explained in 
section IV. The testing method is described in section V. 
Results and the effect of AP parameters on coverage are 
discussed in section VI. Finally section Vn summarises the 
paper and discusses hture research in this area. 
11. General Notations 
Throughout this paper the following notations are used: 
uj j =  1, ....,N Access point (AP) 
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ri i =  I ,  ....fl Receiveriuser 
d(aj. ri) 
g b j  ; rr) 
gmax Maximum tolerable path loss 
P 
Distance between AP and receiver 
Path loss from i'h user to access 
pointj 
Penalty parameter for violating the 
maximum tolerable path loss 
Transmit power 
Receive threshold 
Number of users 
Position of AP 
Number of AP 
AI1 points in the design area are represented by their 
coordinates (either t w m n  the plane or three - in three 
dimensional space). We assume the distance function to be 
Euclidean, hence the distance (6) between an AP uj and a 
receiver ri is given by: 
This constraint states that path loss is evaluated against the 
maximum tolerable path loss g-. This  ensures that the 
quality of coverage at each receiver location is above the 
given threshold. This given value, g, can be calculated by 
subtracting the receiver threshold from the transmitter power 
gmax = pt -Rib - 
The above inequality (2) can be expressed in the equality 
form as 
, ,+ 
where (a)' = max(a, 0). 
The above problem of minimizing (1) subject to ( 2 )  can be 
converted into the unconstrained one by using a penalty 
apprmch. If the path loss threshold @-) at a receiver 
location is violated, a penalty term depending on a parameter 
p will be added: 
d(a j , rj) = /-,
where a, = uj (U;, U;) , and ri = ri (r:, r:). 
111. Optimization Model 
In this model we use path loss to find the optimal 
placement of A P ~ .  The path loss model is the core bf the ne total objective function is the sum of F, 
signal coverage calculation for any environment [13]. n e  F2: 
I M .  
M j = l  j 
path loss model describes the loss of s i p 4  strength due to 
distance between the transmitter and the receiver. Path loss 
models can be used to calculate the coverage area of AP and 
maximum distance between the two terminals. 
' 
~3 ( a )  = - I: m n g ( n j ,  q)+ 
I+ - 
The objective function based on path losses can be 
developed in different formats such as the average path loss, 
the squared path losses, and a 
convex combination (an approach is used to combine two 
extreme cases) of the average and the maximal path losses 
with different coefficients. In this paper, we consider 
loss, the sum The path loss function at the i-rh receiver as described in 114- 
'51 Can be written as: 
minimising the average path loss: g ( 0 ,  , rj)[ds] = g (do)[dBI+10 log 
1 M  n is the path loss exponent which indicates the rate at 
which the path loss increases with the increase of the 
distance. Its value depends on the specific propagation 
environment. For free space environment [14 -1 51, where line 
of sight exists, n = 2, g (do) is the path loss at the reference 
distance do and d is fie distance between transmitter and 
receiver. The objective Function (3) is valid ford 2 d o .  For 
d<d,wetake 
F 1  = - 1 ming( ' j  9 'i)- ('1 M j = l  j 
This objective fbnction (1) provides coverage for the USXS 
the design area. The drawback with this objective function is 
that it might ignore a few remotely located Users. pi is 
minimized subject to the following constraint: 
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As described in 1151, the path loss at the reference B. Calculating Path Loss ut Reference Distance 
distance can be calculated from 
We have chosen the reference distance do = I m. 
whereJis the canier frequency and c is the speed of light. 
IV. Solution of Problem (1H2) 
The objective function (1) is nonsmooth and nonconvex 
and it has many local minima. When the number of AP and 
receivers is large, we get a large scale global optimization 
problem However, traditional global optimization methods 
cannot be directly applied to it. 
Computation of suhgradients of the function F3 is a very 
difficult task Therefore, methods requiring subgradient 
evaluation at each iteration cannot be effective. 
Direct search methods seem to be the best option for 
solving problem (1H2). However, for many such methods 
the number'of variables and/or constraints, which can be 
efficiently dandled, is restricted. For example, one of the most 
efficient direct search methods - the Powell method [16] 
performs well when the number of variables is less than 20. 
However, in the problem under consideration the number of 
AP can be large, therefore, the number of variables can be 
much more than 20. (The number of variables is the number 
of coordinates of AP multiplied by their number. For 
example, in case of two APs in three dimensional space, the 
number of variables is 6.) 
We use the Discrete Gradient method to solve Problem 
(1H2). Ihe  description of this method can be found in [17, 
181. 'Ihihis is a derivative-he method. 'Ihe Discrete Gradient 
method consists of two main steps: the computation of a 
dexent direction which is reduced to a certain quadratic 
programming problem and a line search. We use so-called 
Armijo-type line search in this method. As it is shown in [Iq, 
computation of the descent direction is a terminating process: 
after a finite number of steps the algorithm either computes 
the descent direction or finds out that the current iteration is a 
stationary point. The Discrete Gradient method is efficient for 
solving large scale nonsmooth optimization problems It is 
suitable for finding local minimizers in Problem (IHZ). This 
algorithm allows a continuous search to find the optimal 
placement of APs meaning no restriction is placed on their 
positions. 
' 
A.  Finding the Number of APs 
Initially we set the number of AP to 1: N = I ;  then the 
necessary number of APs is found through the following 
steps: 
I .  Try to solve Problem (1)-(2); 
2. If the solution exists, then N is the desired number; 
3. Otherwise, Nis  increased by 1: N =  N+1;  
4. Gotostep I .  
According to the'802.1 Ib standard (standard written by JEEE 
for WLAN) [19], the carrier frequency is f = 2.4 x IO9  Hz. 
The speed of light is c = 3 x IO8 d s .  Based on these values, 
the path loss at the reference distance, g(do)[dB] is 40.04 dB 
(decibels). 
V. Method of Testing 
Two simple cases were considered for conducting the test 
in order to examine the model. In the first case, the size of the 
design area was IO0 m2. in this area we located 4, 9, and 16 
users. It is important for us to examine the model with 
different numbers of users, as the model is developed to cover 
the largest number of  users rather than maximising the 
coverage of the design area. Fig 1 shows how users are 
distributed in the design area. In the second case, we extended 
the design area to 1000 m x I500 m, increased the number of 
users to 75, and distributed them in different parts of the area. 
Fig 2 shows the location of users and the shape of the area. 
The specifications of two models of AF's developed by 
Cisco (Aironet 1200 series and Aironet 340 series) [ZO - 211 
and IEEE 802.11b standard [191 are used to test the model. 
This gives us the opportunity to examine the model with 
different values of P, and R,h and also to find the effect of AP 
parameters on the capacity that is going to be considered for 
further development of the research. 
VI. Results 
A.  Case One: Design Area 100 mz 
tn this case we considered the design area to be 100 m2 
and usek to be distributed uniformly. We tested the model 
with different values of P, and Rlk. Table I shows the results 
for different values of P,, R(h and numbers ofusers. 
The results indicate that when P, changes from 15 dBm to 
20 dBm and R,k changes from -94 dSm to -70 am, one is 
required to cover the users. In this case AP is placed on the 
top comer of the area. The result is the same for 4, 9, and 16 
users in the area. Fig 3 shows coordinates of the AP for 4 
users in the area. The reason that AP is placed in comer of the 
area in this case is due to the properties of the function (3). 
That is the path loss is a concave fimction of the distance. For 
an AP serving a number of users, the minimal average path 
loss is obtained by placing the AP near one of the users. 
When PI is 20 dBm and R,k is increased to -60 dBm, 
again one AP is able to cover all users. However, the pusi tion 
of AP is changed. Coordinates of AP ate shown in Fig 4. As 
R,,, is further increased to -55 dBm, the coverage range is 
decreasing and consequently two APs are fwnd to be 
required to cover all users. 'Ihe same number of Ms is 
required when PI is reduced to 17 and 15 dBm, and Rrl is kept 
at -60 dBm. Fig 5 shows the coordinates of A P s  for 9 users in 
the area. 
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when the area and the number of users are Iarge. These 
parameters can be used to limit the number of users per an AP 
in order to increase the throughput of the network. 
Further work will involve extending the obJective Function 
to include the convex combination of the average and the 
maximal path losses with different coefficients and also to 
develop models based on considering distances and powers. 
To examine the model with real type environment, we will 
include areas with obstacles. Finally, we will lirmt the number 
of users per an AP in order to increase capacity for all users if 
- 
.. - -  1. .. .. - 
Figure I Poseion of 4.9 and 16 users in the design area 
Figure 2 Extended design area wllh 75 users 
With P, at 17 dBm and RIA at -55 dBm, all users aTe 
covered with four APs. Fig 6 shows the coordinates of APs 
when there are 16 users in the area When P, is further 
reduced to 15 dBm, and R,h is kept at -55 dB, four, six and 
five APs are needed to cover 4, 9 and 16 users respectively. 
Fig 7 shows the coordinates of APs when there are 9 users in 
the area. 
B. Case Two: Extending the Area and Increasing 
the Number of Users to 75 
Table It  shows the optimal placement of AP/APs for 
different values of R,h and P,. I 
As the design area extends and the number of users 
increases, the required number of APs changes dramatically 
in comparison to case A. In the case, where both P, and R,h  are 
high, one AP is covering all users. This position changes as 
the parameters of AP change. When P, = 17 dBm and R,h = - 
76 dBm, three APs are covering all users. Fig 8 shows the 
position of APs itnd the coverage of users. The number of 
APs doubled when Rlh increased to -73 dBm Fig 9 shows the 
position of APs and coverage of users. Decreasing P, to 15 
dBm is causing the change in the position of APs. Fig IO 
shows the position of APs and the coverage of users. The 
required number of APs to cover d l  users increases to 49, 
when Pt is kept at 15 dBm and R,h is further increased to 6 0  
dBm. This is due to the decreasing of the coverage range. 
VII. ConcIusion 
This paper describes a model based on path losses that can 
be used to find the optimal position of APs while covering as 
many users as possible. We used a new algorithm called 
Discrete Gradient that uses continuous search to solve the 
optimization problem In continuous search the positions of 
APs are not fixed. We are also providing good quality of 
coverage for the majority of users by minimising the average 
path loss over the design area. The results obtained show that 
all users are covered in all cases. It was also observed that 
both parameters of AP (P, and R l h )  have an effect on the 
position and number of AP. This effect is more noticeable 
required. 
Tabla I Optimal placements d APs for design area = 100 m’ 
I I I 172.9. 711.1100. 0.991 
15 I -94 to-70 L [ 99.29,99.29] 
I -60 I I [47.9,20.5],[47.9,79.4] 
Figure 3 toordinates d AP for 4 users when P,=15 to 20 dBm 
and R,h = -70 b-94 d h  
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Figure 4 Coo@inates of # for 4 users when PI- 20 d h  
And & = 6 0 d B m  
4 3  13995,599.21. pw.4.14w.zi  
r203.s, 77i.251,p99.4,500.81 
-76 [SOO, 186.41. r750.4, ltS0.2b 
-73 [608.9,l50.6~.[899.8,12W.34] 
-60 49 A P S  w51c found 
[198.4647.6). [497.8,7501,[396.3.150.3], [971 830.61 -I 
F@um 5 Coordinates d APS fw 9 users when R = 17 d h  
and Rth - 60 dBm 
Figure 6 Coordtnatsa of APs tor 16 users when R 17 dBm and 
Rth = - 55 dBm 
Figure 7 Cowdlnates ol APs for 9 users when Pt 15 dBm 
and Ftth D - 55dBm 
Table I1 aptimal placement d APs for extend area 
Flgura 8 Position d APs far 75 users when R = 17 d h  and 
Rlh -76 dBm 
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Flgure 9 PosLlon of APs far 75 users when PI * 17 dBm and 
Rth = -73 dBm 
i 
W 0 . .  . . . .  
. .  
Flgure 10 PwRlon d A h  for 75 users when R =15pm and 
' Rth=-73ddBm 
Acknowledgment 
The authors would like to thank Dr. Adil Bagirov for his 
valuable comments and suggestions. 
References 
[ I ]  
[Z] 
M. Ciampa. Guide to mreleJs Communicarions. USA: Thomsan 
Courr Tcchnolcgy, 2002. 
M. D. AdickeS R E. Billo, B. A. Norman, S. Banejce, E. 0. Nnaji, 
and J. Rajgopal, "Opti~zat ion of Indmr Wireless Communicatiw 
Network Layouts," IIE Trunmcdons, vol. 34, pp. 823 - 836.2002. 
M. Kamenetsky and M. Unbchau- "Covcragc Planning for Outdoor 
Wireless LAN Systems," presented at E E E  lnternationnl Zurich 
Seminar on Broadband Communications, Sweden. 2002. 
Y. Lee. K Kim and Y. Choi, "Optimization of AP Placcmnt and 
Channel Assipmcnt in Wirclcss LAN%" presented at Pmcecdings of 
the 27th Annual EEE Conference on Local Computer Netlrorks 
(LCN'OZ), 2002. 
K-S. Tang, K-F. Man, and S. Kwong "Wireless Communication 
Netwnrk &sign in IC Factory," IEEE Tmnraciion on Industrial 
Electronics, vol. 48, pp* 452 -458,2001. 
M. Unbchaun and M. Knmnctsky, "On the Dcploymcnt of 
Picocellutar Wireles hfrasmcturc," IEEE Wireless Gmmnication 
Magazine, vol. IO, pp. 70 -80. 2003. 
B.4. Park, J.G. Yook, and H.-K. Park, The k t e d n a t i o n  of  Base 
Station Plscemcnt and Transmit Power in an Inhomogeneous Traffic 
Distribution for Radio Network Planning,'' presented at IEEE 56th 
Vehicular Technology Conference, 2002. 
H R. Anderson and 1. P. McGcehan, "Optimizing Micmccll Base 
Station Locations Using Simulated Annealing Techniques," 
Proceedings of:he##th Vehicuhr Technology, pp. 858 - 862, 1994. 
€i D. Shcrali. C. M. Pcndyala and T. S .  Rappaport, "Optind Location 
of Transmitters far Microfellular Radio Communication System 
Design," IEEElourrial on Selected Areas in Commnicationa, vol. 14. 
pp. 662 - 673.1596. 
2. Ji, f. K. Sarkar, and B.-H. Li, "Methods for Optimizing the 
Laation of Base Stations for Indoor Wircless Communications," 
IEEE Transactions on Anlennner and Propagation, vol. 50. pp. 1481 - 
1483.2002. 
D. Stamatclos and A Ephrcmides. "Spectral EWcicncy and ophml 
Basc Placcmnt for Indoor Wircles Networks," I LEE Joumul on 
Selected Areas in Comnrtmications, vol. 14, pp. 651 * 661,1996. 
S. For". D. Gay. B. Kcmigban. 0. Landron, R Valenzuela, a& M. 
Wright, "Wise Design of Indoor Wireless Sysem Practical 
Computation and Optidration,* in IEEE Conpuran'ohal Science and 
Engineering, 1995, pp. 58 -68. 
li PahIavan and P. Krishmmvrthy, Primipla of Wreless Networks: A 
LhrifiedApproach: Pmndcc - Halt, hc., 2002. 
T. S. Rappaport, Wirelem COmunicmSons: Rirrciples and hucrice, 
S c c d  cd: Prcntice - Hall, Inc, 2002. 
M. A. Panjwani, A. L. Abbon. and T. S. R a p p a t ,  "Interactive 
Computation of Cmeragc Regions for Wireless Comunicat im in 
Multifloored I n d m  Ennmnmcts," IEEE 3 0 u r ~ l  on Selected Area  
in Communications, v d  14, pp. 420 - 430, 1 pp6. 
M.I.D. Powell, W B Y Q k  UnconSraincd qtimization by Quadratic 
Approximatias Mathemutical Rogmrraing. Series B,92(3), pp.555- 
582,2002. 
AM. Bagimv, Minimization Methods for om Class of Nonsmwth 
Functions and Calculation of Seni-cquilibrium Prices. In: A Eberhard 
et al. (cds.) hogress in Oplimizalion: Conm'butiorrfron AustralasiaT 
Kluwr Academic Publishsrs, pp, 147-175, 1999. 
AM. Bagimv. A Method for Minimization of Quasidifferentiable 
Functions, Opfimizadon Methods and Sofmure, 17(1), pp. 31-60, 
2002. 
IEEE, "IEEE 802.11, 1999 Edition (ISWEC 8802-11:1999), IEEE 
Standards for Infmmation Technology - Telecommunications and 
Informtion Exchange betwen Systems - Local and Metropiitan 
Area Nalrork - Specific Rquiremnts  - Part 11: Wireless LAN 
Medium Access Control WAC) and Physical Layer (T'HY) 
Specifications," 1999. 
Cisco, '%OL Cisco Airomt 340 Series Client Adapters and Access 
Points," Cisco Systems, 2003. 
Cisco, "C i ro  Aironet 1200 Series Access Point," Cixo Systems, 
2003. 
- 357 - 
